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TITLE: GENE SYNT HESIS METTrOD 

Pnis appiicaiion is a continuation of U.S. Provisional Application serial number 
60/027,896 filed on October 7, 1996 and incorporated herein by reference. 

BACKGROU^VD OF TTTF . TNVF.NTTON 

Gene Synthesis Techniques 
The present invention relates to a method of gene synthesis and more panicuiarly to a 
gene synthesis method wherein the codons of a natural gene can be changed to allow optimal 
transcription and transiaiion of the gene in transgenic organisms which prefer pardcuiar codons 
and other sequences that differ from those of the natural gene. 

The degeneracy of the genetic code permits substantial freedom in the choice of codons 
for any particular amino acid sequence. Transgenic organisms such as plants frequently prefer 
particular codons which, though they encode the same protein, may differ from the codons in the 
organism from which the gene was derived. For example, U.S. Patent No, 5,380,83 1 to Adane et 
al., relates to the creation of insect resistant transgenic plants that express the Bacillus 
thurirjgiensis {Br) toxin gene. The Be crystal proteiii, an insect toxin, is encoded fay a full-length 
gene that is poorly expressed in transgenic plants. In order to improve expression in plants, a 
synthetic gene encoding the protein containing codons preferTcd in plants was substitoted for the 
natural sequence. The invention disclosed therein comprised a chemically synthesized gene 
encoding an insecticidal protein which is frequendy equivalent to a native insecticidal protein of 
Bt. The synthetic gene was designed to be expressed in plants at a level higher than a native Br 
gene. 

The approach used to assemble the Bl gene in the '83 1 patent is one of several methods 
for gene synthesis for genetic engineering manipulation. It consisted of designing an improved 
nucleotide sequence for the rnHing region and assembling the gene fr^m a number of short 
chemically synthesized oligonucleotide segments. The DNA sequence to be synthesized was 
divided into segments, with lengths that can be synthesized, isolated and purincd. The segments 
were then joined enzymatically to form the synthetic Bt gene. 
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Disadvantages of the gene synthesis method described in d\e '83 1 patent include its 
speed, costs, and efficiency. The approach is very sensitive to the secondary strucnire of 
oligonucleotides (e.g., hairpin loops) which intenerc with the assembly. Hence, the approach has 
low efficiency and is not reliable for construction of long synthetic DNA fragments. Moreover, 
the method involves numerous steps and requires synthesis of both strands of the DMA. It 
requires purification of many shon (50-70 m) oligonucleoiides by rather laborious and time 
consuming procedures. Use of T4 DNA ligase requires convehtionai temperatures (20' — 37 "C) 
during assembly and ligation of oligonuclcoddes therefore contributing to the sensitivity of the 
method to secondary DNA structure. 

Another approach to gene synthesis is described in U.S. Patent No. 4,652,639 to 
Stabinsky. That reference also relates to a method for DNA synthesis wherein the synthetic gene 
has alternative codons selected on the basis of preferential expression in a projected host 
organism to be transformed. The method employed involves the ligation of two or more DNA 
strands although no template is employed. A key disadvantage of the gene synthesis method 
described in the '639 patent is that it can only be employed to synthesize short genes of about 200 
base pairs. It is, however, frequently desirable to create longer genes. 

Yet another method for the synthetic assembly of oligonucleotides into long DNA 
fragments utilizes polymerase to fill in single -stranded gaps in armealcd pairs of 
oligonucleotides. However, after the polymerase reaction, each segment must be cloned, a step 
which significantly delays the synthesis of long DNA fragments and greatly decreases the 
efficiency of the approach. Additionally, the approach can be used only for small DNA 
fragments. 

Recently, several PCR based techniques have been developed for construction of 
synthetic genes, where an assembly of overlapping oligonucleotides is performed by a 
thermostable DNA polymerase during repeated cycles by melting, anneiing and polymerization. 
Although PCR mediated methods are rather simple and labor saving, they are not free from 
drawbacks. A key disadvantage of assembly by PCR is that complex misprinting events 
negatively exert the correctness of a resulting assembled DNA. In addition, the low fidelity of 
thermostable DNA polymerase influences the reliability of this technology with increased 
number of PCR steps. 
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Tcmgla:? Dirgciet^ Ligauon 



There is known in the art a ligase mediated method for detecting mutations that exploits 
the fact that the ends of two single strands of DNA must be exactly aligned for DNA ligase to 
join them. U.S, Patent No. 5,547,843 to Scudier et al, briefly summarizes a template-directed 
ligation method wherein two contiguously annealing oligonucleotides are incubated with a 
template molecule which contains a nucleotide sequence complimentary to the oligonucleotide. 
The oligonucleotides annrjil to fonn a contiguous duplex structure. The complex is then 
contacted with a ligase enzyme which joins the adjacent oligonucleotide through a 
phosphodiestcr linkage. The only utility suggested in the '843 patent and the prior art in general 
for template-directed ligation is as a diagnostic method for the detection of point mutations in 
DNA. Heretofore, there has been no teaching or suggestion in the art of utilizing template 
directed ligation for the assembly and construction of synthetic genes in a maimer which 
overcomes the above-described disadvantages of prior art techniques. 

SUMMARY OF TNVKNTTON 



The present invention is a new method for assembly and construction of synthetic genes 
which are similar but not necessarily identical to a natural gene of interest. The method utilizes a 
combination of enzymatic and chemical synthesis of DNA and significantly reduces the cost, 
time and number of steps required for construction of synthetic genes. 

In short, chemically synthesized and phosphoryiated oligonucleotides of the gene to be 
created arc assembled on a single- stranded partially homologous template DNA derived from the 
narural or wild-type gene. After annealing, the nicks between adjacent oligonucleotides are 
closed by a thermostable DNA ligase using repeated cycles of melting, annealing, and ligation. 
This template directed ligation ("TDL") results in a new single-stranded synthetic DNA product 
which is subsequently amplified and isolated from the wild t\'pe template strand by the 
polymerase chain reaction (PGR) with shon flanking primers that are complementary only to the 
new synthetic strand. These PGR end-primers contain suitable restriction cleavage sites for 
cloning of the synthetic double -stranded DNA fragments. 
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There arc many advantages of the "TDL-PCR" gene s^mthesis method according to the 
present invention over the above -described prior art approaches. First oiily one strand is 
required to be synthesized thereby reducing the time requirements by about one hall Second, 
the use of thermostabie DNA Ugase permits the process to be carried out at higher temperatures 
which decreases the formation of secondary stmcmres (e.g. hairpin loops) that interfere with the 
assembly process. Third, because only phosphorylated oligonucieotides will be Hgated du ring 
repeated TDL cycles there is no need to purify full length oligonucieoudes. Fourth, the process 
involves fewer steps than the prior art approaches thereby increasing efficiency and decreasing 
the likeiiKood of errors. 

In the TDL-PCR method the PGR is used only in the final step, thus avoiding the 
assembly of oligonucleotides, in contrast to PCH. based methods for gene synthesis described in 
the preceding section. The gene assembly by iiganon of oligonucleotides is preferable to 
assembly by PGR approach, because no new errors are introduced to the assembled DNA. 
Indeed, the analysis of the observed errors showed (Example I) that these originate from 
chcmicai oligonucleotide synthesis - a common problem with any gene synthesis technology, and 
that using the PGR in the final step did not introduce additionxd errors. 

The disclosed TDL-PCR method for gene synthesis represents a general method which 
may be employed to create a synthetic version of a natural or wild-type gene from any plant or 
arrimal or any existing gene as long as the wild-type sequence is known and present. The 
simplicity of the method allows it to be widely used in areas where the routine re-synthesis of the 
sequences is required. There is an increasing demand for processes that alter DNA sequences to 
permii the construction of transgenic organisms. As a result of billions of years of evolution, 
microorganisms have genes in their genome that are not present in other higher organisms such 
as plants and vcnebrates. Frequently such genes are not smted for expression in eukaiyoiic 
organisms and vice- versa. Moreover, even in plants the monocot and the dicot genes differ by 
expression requirements, and therefore need to be reconstructed to fit different expression 
patterns. 

With the foregoing and other objects, advantages and features of the invenxion that will 
become hereinafter apparent, the nature of the invention may be more clearly understood by 
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reference lo the following detailed description of the invention, the figures, and the appended 
claims. 

BRIEF DESCRIPTION OF THF DRAWTNCS 

Fig. I is a schematic plan for gene synthesis according to the present invention. 

Fig. 2 shows the nucleotide sequence of the synthetic crylC gene. Where different, the 
native (bacterial) sequence is shown above. The amino acid sequence is shown below, 

DETAILED DESCRIPTION OF TITF TNW.NTinN 

Prior to initialing the synthesis process, the sequence of the new gene to be created is 
designed based on the known sequence of the wild-type gene. If the new gene will be used to 
transform a plant, then modifications will be made with respect to the plant's preferred codon's 
and to other fortuitous sequences resembling the signals which initiate various processing steps 
in transcription and translation of the gene. Avoidance of such signals can drastically increase 
expression of a transgenic in plants. 

Gene synthesis according to the present invention generally comprises three steps which 
are illustrated schemarically in Fig, I. 

During the first step a plurality (e.g. eight) of oligonucleotides, each of a length of 
between 80-130 bases which collectively comprise the newly designed sequence, are chemically 
synthesized and phosphorylated by the conventional solid-phase method, A chemical 
phosphorylation is performed during the last step of automated oligonucleotide synthesis so that 
only the full- length oligonucleotides have a 5'-phosphate group. By this arrangement only 
phosphorylated (i.e. fuU-lengih) oligonucleotides can be ligatcd with other adjacent 
oligonucleotides during the following TDL step thereby conveniently eliminating 
oligonucleotides that are too shorL 
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The second siep knovm as lempiate directed ligation (TDL) results in a new synthetic 
single -stranded DNA product, which is subsequently converted to a double-stranded fragment, 
amplified and selected from the wild type strand in the following third step by PCR. selective 
amplification comprises the following procedures: 

(a) Assembly of the adjacent chemically synthesized and phosphorylaied 
oligonucleotides on the single -stranded partially homologous DNA template of the natural (wild 
type) gene allowing the oligonucleotides to anneal to the template in their proper order, 

(b) Selection of the full-length oligonucleotides from a crude mixture of oligonucleotides 
after chemical DNA synthesis. Due to chemical phosphorylation only fuU-lengih 
oligonucleotides can be ligated with other assembled adjacent oligonucleotides, and therefore 
they are selected from a crude mixture. In case of an average oligonucleotide length faetweea 
100 and 120 nucleotides with a coupling efficiency around 98.0 - 98,5%, what is typically used, 
only 10-20% of oligonucleotides in crude mixttire constiTute the full- length DNA products 
which are included in the synthesis method. In the prior art, the full-length oligonucleotides 
must be purified from the crude mixture by laborious methods. However, in the TDL-PCR 
method this is not necessary, because uncompleted oligonucleotides cannot be li gated and , 
therefore, they arc not amplified during the following PCR step. This selection of full-length 
oligonuclecndes makes the TDL-PCR method according to the preseitt invention considerably 
more advantsLgeous over other known methods for a gene synthesis; 

(c) Nick closing. Adjacent oligonucleotides assembled on the single- stranded wild- type 
DNA template arc ligated together thereby closing nicks between adjacent oligonucleotides. 
Partially ligated DNA fragments can be completed in the following repeated rounds of the TDL 
step. Contrary to an exponential amplification in the ligase chain reaction (LCR). the amoimt of 
the final product is increased linearly during cycling in TDL step, if there is a sufficient excess of 
tree oligonucleotides. Therefore, the yield depends on the ratio of template to oligonucleotides. 
The Pfu DNA ligase employed is extremely thermostable and possesses high nick-closing 
activity in contrast with low level of bltmt ended (template-independent) ligation activity and 
therefore was used and is recommended for this application. 

During the third and final step of the TDL-PCR method according to ihe present 
invention the newly assembled and sealed single-stranded DNA is convened to the double- 
stranded fragment and subsequently amplified and selected from the wild type template strand by 
the PCR with shon flanking primers that are complementary' only to the new synthetic strand. 
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These flanking primers also coniain sites for selected restriction enzymes in order to facilitate the 
cioning of an amplified DNA fragment. 

The following example is provided to illustrate the practice of the invention and is not 
intended to limit the scope thereof. 

EXAMPLE I 
Synthesis of nt toxin nene 

In this example, the above-described TDL-PCR method was employed to synthesize a 
crylC gene which encodes a Bacillus thuringiensis (Bt) endotoxin. The natural gene was found 
to be poorly expressed m transgenic plants. /Efficient transcription of native cry genes in plant 
ceil nuclei was achieved by the removal of AT-rich sequences that cause mRNA instability or 
aberrant splicing, and the translation of cry 'mRNAs was enhanced by modification of their codoa 
usage to make it more similar to that of the host plant. In addition, the sequence context around 
translation Stan was modified to conform the eukaryot consensus (Kozak, 1 990). 

Design nf the Synthetic Gene 

Design of the synthetic crylC gene was based on the sequence of the corresponding 
wild-type gene {crylCa5, as in Fig. 2). In fact, the cryJCaS sequence represents a consensus of 
all knovrTi crylC genes and is identical in three B. thuringiensis strains K26-21, MRl-37 and sub 
sp-aizawai 7.29. Modifications of the synthetic crylC gene {s-crylQ sequence did not alter the 
amino acid sequence of the minimal toxic fragment of the Cry IC protoxin, containing N- 
terminai fragment with length of 630 amino acid residues (Fig 2). To ensure proper transcription 
and translation of this synthetic gene in plants, 258 bp of the bacterial crylC sequence (EMBL 
X96682; 1 890 bp) were changed such that 249 out of 630 codons were modified according to 
preferential codon usage in alfalfa and other dicotyledonous plants. These nucleotide exchanges 
also removed 21 potential plant polyadenylation signals, 12 ATTTA motives, 68 sequence 
blocks with 6 or more consecutive A' or T nucleotides, as well as all sequence motifs containing 5 
or more G+C or A+T nucleotides, in addition, sequences around the translation initiation site 
were changed in order to conform the eukaryotic consensus sequence, and a TAG stop codon 
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was introduced downstream of amino acid codon 630. The G+C content of the bacieriai crylC 
gene, was mus increased from 36.6% to 44.8% in the synthetic gene. 

0!igonnr|^f^ Hde Synthesis 

OUgonucleotides were synthesized with an Applied Biosystems 380B DNA synthesizer, 
using a 1 000 A controlled pore glass support (Miliiporc Eschbom, Gennany). Except for primed 
located at the S'-tcrmici of TDL-PCR sequence blocks (sec facbw), the 5'-ends of 
oligonucleotides were cfaemicaUy phosphorylatcd with 5 '-Phosphate- ONphosphoramidite 
(Clontech, Heidelberg, Germany) according to manufacture's manual in the final step of DNA 
synthesis. The synthesis products were deprotectcd with ammonium hydroxide, desalted on 
NAP25 (Pharmacia,Frciburg. Germany) columns, and used for TDL-PCR without additional 
puritlcation- 

The designed DNA sequence of the s-crylC gene (Fig. 2) was divided into three blocks 
separated by Hindi and BgOl cleavage sites. The BamHl-Hincll block-I was constructed from 
eight, the Hincil - Bgai block-II from five, and the BgOl-BamHl block-IE from seven 
oligonucleotides. The oligonucleotides were assembled on a single-stranded DNA template of 
phagemid pRl, carrying the 630 N-teimiual codons of the wild-type B.thurmgiemis crylC gene 
(Fig. I and 2). Terminal oligonucleotides in each TDL-PCR block carried unique sequences on 
their 5' and 3' ends, which were not complementary with the template, but were matched to short 
PGR primers for selective amplification of the synthetic DNA strand. These PCR primers 
contained unique restriction enzyme cleavage sites used for cloning of the amplified 
double-stranded DNA fragments into pBluescript. The TDL-PCR block-I was PCR arapUfied by 
a 5'-primcr (5' - AAGAGGATCCACCATGGAGGAGAAC-S '), canying a BamHi site and a 
3'-primer (5*-ATGATCTAGATGCAGTAGCG-30. The 3'.primer was complementary to an 
oligonucleotide (5 '-GTCAACTAACAAGGGAAGTTTATACGGACCCACGCT 
ACTGC ATCTAG ATCAT-3') at the 3'-end of block-I, that carried aylC sequences with the 
Hincn site, and unrelated overiiang sequences with an Xbal site. The oligonucleotide at the 
5*-end of 

block.II(5'.GATAACTCGAGCGAGCCTAAACTATGACAATAGGAGATATCCAATTCAG 
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CCAGTTG - 3') added uniqu: DNA seqiiences with ^nXhol site to the crylC secuences 
upsTream of lHc Hindi site and marched a PGR primer (5'-G AT AACTCGAGCGAGCCTA-3'). 
The 3 '-terminal oligonucleotide in block-II carried crylC sequences extending to the Sglll site 
and downstream overiiang sequences with an^al site that were complementar/ to a PGR 
primer (5' -CCTGACTCTAGAAGATC-3 In the oligonucleotide located at the 5^-end of 
block-Ill an £coRl site was -added upstream to the BglH site oicrylC gene, fitting to a PGR 
primer (5'- CTGTCTGAATTCAAAGATC- 3*). The oligonucleotide at the 3'-cnd of blocic-IH 
caxried a BamHl site, following the position of TAG stop codon in the pRl phagemid, as well as 
adjacent unique sequences with a NotI site that were compiementaiy to a PGR primer 
(5*-AGCATGCGGGCGCGGATCC-3'), 

JUL T^yhniguc 

Template directed liganon (TDL) reactions were carried out at a template to 
oligonucleotide ratio 1:200 (a total of 0.05 pM of template versus 10 pM of each 
oUgonucleotidc) in a final volume of SOpi using a reaction fau3er (20 mM TrisJICI (pH 
7.5), 20 mM KCl , 10 mM MgCl^ 0,1% NP-40, 0.5 mM rATP, 1 mM DTT)-ami Pfiz 
DNA ligase (Straiagene), or any other similar thermostable DNA ligase. 

Thirty cycles of TDL reactions were used to obtain a desirable amount of a TDL product. 
The temperature range during melting step is between 90 to 98"C with a preferafale temperature 
of 92°, with 1 minute of required step time. Annealing and ligation were pertbrmed at a 
temperamre range of 45 to 60** C with a preferafale temperature of 52° C during required step time 
from 3 to 10 minutes. Melting step was followed by annealing and ligation step to obtain a TDL 
cycle which was repeated at least 30 times. To increase the number of TDL cycles for every 
additional 30 cycles a new portion of rATP (0.5 mM) and 4 U of Pfu ligase was added. 
Temperature c>'cling during TDL step was done on a Perkin-Elmer thermal cycler (Norwalk, 
Conn.). 

FCK f^dyctlvg Amnlification of Synthetic TDL-PCR Blocks 

5 ^1 from the TDL reaction mix served as template for PGR amplificanon with 100 pM of 
primers, 250 ^iM dNTP and Z5 U Ampli-Taq or any other similar thermostable DNA 
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polymerase such as UlTma (Perkin-Elmer) polymerase in 100 ^1 buffer (10 mM Tris.KCl (pH 
9.0). 50 mM KCl and 0.1% Triion- XlOO). using of 30 cycles at 92°C for 1 min, AS^C for 1 
min, and at 72°C for 1.5 minutes, with final extension for 10 minutes, at 72° C PGR 
amplifications were perfomied on a Perkin-Elmer (Norwalk, Conn.) thermal cycler. The 
amplified DNA fragments were gel purified, digested with BamHl-Xbal (block-I), Xhol-Xbal 
(biock-ri), and EcoKi-Notl (biock-m). then cloned in pBluescript SK+ to verify their DNA 
sequences. 

The synthetic crylC gene coding for an N-terminai protoxin &agment of 630 ^mino acids 
was designed CFig. 2) by exchanging 286 bp of the bacterial C77/C sequence (EMBL X96682; 
1890 bp) such thai 249 out of 630 codons were modified according to preferential codon usage in 
dicotyledonous plants. Tliese exchanges removed 21 potential plant polyadenylation signals, 12 
ATTTA motifs, 68 sequence blocks with 6 or more consecutive A/Ts, and ail motifs containing 
5 or more G+C or A+T nucleotides. Sequences aroimd the translation initiation site were 
changed to conform to the eukaryotic consensus sequence, and a TAG stop codon was introduced 
downstream of amino acid codon 63{rThe GK! content of the cry/C gene was thus increased 
from 36,6% to 44.8%. The s-crylC gene was synthesized from oligonucleotides of 70-130 bases 
dial were chemicaUy phosphoiylated at their S'-ends. Since chemical phosphorylation is 
performed as the last step of automated DNA synthesis, only full-length oligonucleotides contain 
the y-phosphatc group. Bacterial crylC sequences coding for the 630 N-terminal codons were 
cloned in a pBluescript vector to generate a single- stranded DNA template for ordered annealing 
of 5-8 synthetic oligonucleotides by partial base-pairing. The adjacent oligonucleotides were 
assembled and ligated on this single- stranded template by a thermostable ?/if-Ugase using 30-60 
cycles of repeated melting, annealing and ligation. In combination with chemical 
phosphorylation this template directed Ugation (TDL, Fig. I) metiiod provided a sequence 
specific selection for phosphorylated full-length oligonucleotides from a complex raixmrc of 
nonphosphorylated failure synthesis products, and yielded a linear amplification of 
single-stranded synthetic crylC DNA segments generated fay ligation. Therefore, except for 
desalting, no additional purifications of a crude oligonucleotide mixnire after chemical DNA 
syntiicsis were necessary. The TDL Ugation at high temperamres also circumvented potential 
problems of erroneous annealing. The synthetic crylC sequences were converted to 
double-stranded DNA fragments and specifically amplified by PGR using short end-primers that 
did not anneal to the bacterial crylC template carried by the pBluescript vector. The s-cry!C gene 
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was thus synthesized fern three sequence blocks that were combined by ligation of M and 
Sgill digested DNA migments, and cloned in pBiuescript. 

With further reference to the Figures relating to this Example, Fig. 2 shows the 
nucleotide sequence of the synthetic crylC gene (s<ryIQ, Nucleotides of the 
bacterial crylC sequence (b-crylQ exchanged in the synthetic gene are shown in the upper 
lanes. The amino acid sequence of the truncated CrylC- endotoxin is displayed in single letter 
code below the s^rylC sequence. The nucleotide sequence of the s-crylC region coding for 630 
codons starts with an ATG codoa in a sequence context fitting the eukaryotic consensus and 
terminates at aTAG stop codon. Vertical black arrows above the s-crylC sequence indicate the 
boundaries of adjacent synthetic oligonucleotides used for TDL-PCR gene synthesis. HirtcU and 
3gm cleavage sites used for the assembly of three TDL-PCR blocks are ftamed, 

Tlie errors (3 smaU deletions, 1 transversion and 1 transition) found in the TDL-PCR 
products were corrected by site-directed mutagenesis using a USE kit (Pharmacia) or by 
assembly of non-mutaled restriction fragments. 

Plant ^rnf rxnm^fon wnstr^^t;^ nnrt transformatfnn of nifaif. .n^j 

The plant expression vector pPCV91 was constructed by modificarion of pPCV720. A 
Mj/I site in the RK2Kioraain was eliminated by fiUing in with DNA polymerase Klenow 
fragment, and a CaMV35S promoter with four repeats of the enhanced domain (-90 to - 418). 
was introduced into the HinnUl site of pPCV720. Upstream of zBamHl cloning site this cassene 
contained 20 bp from the o'-end of the untranslated O leader sequence of tobacco mosaic 
virus (TMV) RNA, whereas downstream of the BamHL site it carried a polyadenylation 
signal sequence derived from the CaMV 35S RNA gene. A BamHl site present in the 
mannopine synthase promoter(pmas) of pPCV720 was replaced by a A^orl site using a 
5a«3A-^o// adaptor (5'-GATCTGCGGCCGCA-3*). The resulting vector pPCV9 1 carried 
three plant gene expression cassettes with unique BamHl NotX and Saa cloning sites. To 
construct pNS6, the synthetic cry/C gene was cloned as a BamHl fragment downstream of 
the CaMV35S promoter. In pNS7 a syhthetic pat gene, coding for a 
pbosphinothricine acctyltransfcrase {pat) gene and a cAfAII gene from Serratia 
marcescens were inserted into the Saa and Notl sites located respectively downstream 
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of the mas V and 2' promoters. A bacterial ciylC gene com B.churinginesis sub sp.. aizawai 
7.29 (EMBL X96682), carrying the 756 N-terminai codons oicryiC, was cloned in pGIFl 
in which it replaced the synthetic crylC gene of pNS7. Vectors pNS6, pHS7 and pGIFl 
were conjugated to Agrobacreriiim tumefacines GV3l01(pMP90RK), and used for 
transformation of alfalfa {Medicago sativa L. var. Regen S clone RA3) and tobacco 
{Nicotaina tabacum SRI) as described. To select for transformed expiant, alfalfa 
and tobacco tissue culture media contained respectively 40 |ig /ml and 1 5 jag/ml of 
hygromycin were used. 

Monitoring the CTpression of CrvTC in transgenic plants 

Bacterial and synthetic CTylC genes, coding for the 630 N-tcnninal amino acids of the 
CrylC toxin (Fig, 2), were cloned into the JamHI site of a pAEN4 vector carrying the CaMV35S 
gene expression cassette of ^?CV9\, Arabidopsis (haliana protoplast were isolated from root 
cultures and transformed by PEG-mediated DNA uptake, using 1_5 x 10* protoplast and 35 jig 
plasmid DNA in each experiment. The protoplast were harvested 48 hours aiter DNA uptake and 
lysed in SDS-sainple buffer to separaxe proteins on 10% SDS-PAGE before immuno blotting. An 
antibody used for immuno blotting was raised against a truncated CrylC 6 -endotoxin carrying 
756 N-terminai amino acids. Expression of CrylC 'in.E.coli strains, carrying bacterial or 
synthetic crylC genes respectively in pET-lla or 1 Id, was moniiored-by a second 
alkaline phosphatase conjugated goat anti-rabbit antibody. Immunoblott analysis of proteins 
synthesized in plant cells was performed using an ECL kit (Amersham). 

RN A (20 fig) samples isolated from leaves and petioles of alfalfa plants were 
separated on agarose- formaldehyde gels. 5amHI fragments (1.9 kb), carrying cither 
synthetic or bacterial crylC sequences (Fig^), and a Notl fragment of the chiAlI^zuz (1 .8 
kb) were labeled by random-priming and used as hybridization probes. 

Insect bioassav 

Leaf bioassay were performed with the Egyptian cotton leafworm {Spodoptera littoralis) 
and the beet armyworm (Spodoprera exigud) using neonate, 2-jri 3 -4th, and 4-5-6ih instar 
'larvae. Ten larvae of selected developmental stage were placed on a moistened filter disc in Pctn 
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dishes with detarhed leaves from greenhouse grown pianis- The assays were repeated 2-3 times 
for each plant. The mortality of neonate larvae was scored after 3 days, whereas the mortality of 
larvae from 2-4 th and from 4-6 th instar stages were evaluated respectively after 5 and 7 days. For 
the insect assays with whole plants, transgenic greenhouse grown alfalfa lines producing 0.02 to 
0- 1% of total soluble protein as CrylC and S.exigua larvae of the 3-4th instar stage were used. 
Three NS7 and three NS6 transgenic, as well as wild-type plants were infested with 1 5-20 larvae 
each. In "free-choice" experiments, 25 larvae were placed in a Petri dish located between 
transgcruc NS6 or NS7 and nontiansgenic alfalfa plants in the greenhouse. Leaf damage was 
evaluated after 6 days. 

Further details regarding this example may be found in our co-pending application titled 
"Synthetic Bacillus Thia-mgiensis Gene Encoding an Insect Toxin". 

Although only preferred embodiments arc specifically described herein, it will be 
appreciated that many modifrcaxions and variations of the present invention are possible in light 
of the above teax:hings and within the purview of the appended claims without departing from the 
spirit and intended scope of the invention. 
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What is claimed is: 



1 . A method for constructing a synthetic version of a native or any existing gene 
comprising the steps of; 

providing a DNA strand of the native gene; 

denaturing said DNA strand to form a single -stranded template; 

chcmicaJly synthesizing a plurality of oligonucleotides at least partially homologous to 
said single 'Stranded template; 

phosphocylating said oligonucleotides; 

annr.aling said oligonucleotides to said single-stranded template; 
ligating adjacent said oligonucleotides to form a synthetic gene; and, 
repealing said steps of denaturing, annealing, and ligation to form a useful quantity of 
said synthetic gene. 

2. The method according to claim 1 , further comprising the steps of convening said 
synthetic gene sequence to double-stranded DNA and amplifying said double-stranded DNA 
using PCR. 

3. The method according to claim 2, wherein. short flanking primers complementary' 
only to the new synthetic strand are utilized in PGR. 

4. The method according to claim 3, wherein said flanking primers further comprise 
sites for selected restriction enzymes so as to facilitate cloning of the amplified DNA fragment. 

5. The method according to claim I, wherein said ligation is carried out by a 
thermostable DNA Hgase. 

6. The method according to claim 5, wherein said thermostable DNA ligase is Ffit 
DNA ligase. 

7. The method according to claim I , wherein said native DNA strand is a Bacillus 
thuringiensis {Bt) toxin gene. 
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8, The method according to claim 6, wher:in said Bacillus [hvringienszs (B/) toxin 
gene is a crylC gene. 

9. The method according to claim I, wherein said phosphorylating is a 
phosphorilaiicn performed at the last step of atitomated oligonucleotide synthesis. 
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1/4 



1: Automated synthesis of S'-phosphorylated oligonucleotides 

2: Template directed ligation of oligonucleotides annealed to 
a partially complementary single-stranded DNA carrying 
wildtype gene sequence 



5-OH 3'-QH 

\ 



single-Stranded template DNA 



30-60 TDL-cydes 



Pfa ligase, rATP 
melting (92** C, Imin) 
annealing and 
ligation (52** C, 3min) 



Selective PCR amplification of synthetic DNA strand 



Fig. 1 
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